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Energy consumptionAbstract The purpose of this study is mainly to investigate the performance of a packed-bed
continuous-recirculation ﬂow reactor at high applied electric current in removing copper, Cu(II),
from simulated electrolyte by electrodeposition. The effects of pHo, circulation rate of ﬂow, initial
copper concentration, intensity of the applied current and the method of application of electric cur-
rent, as to have a constant value during all the time of electrolysis or to be decreased with time, on
copper electrodeposition and current efﬁciency are revealed. The results showed that the increase in
pH (provided not lead to the deposition of Cu(OH)2), initial concentration of the copper and ﬂow
rate increased the electrodeposition of copper as well as improved current efﬁciency. However,
increasing intensity of the applied electric current led to an increase in the electrodeposition of cop-
per and decreased electrical efﬁciency. It was also observed that reducing the intensity of applied
electric current with time during the electrolysis process while maintaining other operating variables
constant led to a signiﬁcant reduction in the consumption of electrical energy used in the process of
copper removal by electrodeposition; a reduction of 41.6% could be achieved.
ª 2015 The Authors. Production and hosting by Elsevier B.V. on behalf of Egyptian Petroleum Research
Institute. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/4.0/).1. Introduction
Wastewaters containing heavy metal ions arise during some
industrial activities. Unlike organic contaminants, heavymetals are not biodegradable and tend to accumulate in living
organisms, and many heavy metal ions are known to be toxic
or carcinogenic. The effects of such chemical pollutants in the
environment are not limited to ourselves, but may be passed
on to future generations by way of genetic mutations, birth
defects, inherited diseases and so on [1]. Heavy metals of
particular concern include copper nickel, mercury, cadmium,
lead, and chromium.
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Figure 1 Schematic representation of the experimental setup (1)
Column, (2) Power supply, (3) Counter electrode (anode), (4)
Current feeder, (5) Carbon bed, (6) electrolyte reservoir; (7)
Sampling valve, (8) Flow regulating valve, (9) Centrifugal pump
(10) Flow regulating valve.
326 M.F. Alebrahim et al.The metal ions are effectively removed from dilute solution
using different techniques; Fenglian and Wang [2] reviewed the
methods that have been used to treat heavy metal wastewater
and evaluated these techniques. Electrochemical techniques
are uniquely capable of recovering pure metal for recycle
and can be considered a relatively simple and clean method.
These techniques were reviewed by Walsh and Reade [3];
they focused on how to select an appropriate cell
design. Also, Guohua Chen [4] reviewed the development,
design and applications of electrochemical technologies
in water and wastewater treatment with a special focus
on electrodeposition, electrocoagulation, electroﬂotation and
electrooxidation.
Copper is a valuable metal and an essential element used by
man; it is unique in its use as electrical conductor. The price of
copper is getting higher, and the production cost is increasing.
Waste streams from some industrial processes such as copper
electroplating industries and textile industries are contami-
nated with copper to the level of 500 ppm (mg/L) or more.
Substantial savings of copper can be obtained by recovering
copper from waste streams.
Researchers with various cell designs have attempted
removal of copper from solutions with varying degrees of
achievements and improvements [5–18]. All of these researches
were done keeping either the applied potential or the applied
current constant during an experimental run and none of them
used sodium chloride as supporting electrolyte. The effect of
initial pH of treated electrolyte on removal of copper, via elec-
trodeposition, and current efﬁciency, unfortunately, in these
researches has not received the attention that it deserves.
Few investigators considered the effect of initial pH. Chin
[18] reported that during electrolysis the pH decreased from
an initial value of 6–7 to a ﬁnal value around 3. Issabayeva
et al. [10], used two initial values of pH (3 and 5), observed that
the initial pH value affected both the removal and current efﬁ-
ciencies during electrodeposition of copper and they reported
that the pH signiﬁcantly increased for a short time and
decreased thereafter to around a value of 3. Basha et al. [1]
studied the electrodeposition of copper at different initial pH
values but they did not follow how the pH changed during
electrolysis. Yaqub et al. [11] investigated the electrolytic
removal of Cu and Pb at different pH conditions and reported
that the optimum pH range was 3–3.5 in the presence of ultra-
sound enhancement.
No doubt that rate of ﬂow of electrolyte has an effect on the
electrolytic removal of copper. This effect depends on the
mode of operation, i.e. single-pass or multiple-pass. For
single-pass mode [6,7,12], the removal was reported to decrease
with increasing ﬂow rate as long as the bed height was held
constant; this means that less residence or retention time.
For multiple-pass, keeping constant bed height [5,16,17], the
removal increased with increasing ﬂow rate; which is inter-
preted by increasing the residence time. For current efﬁciency,
some authors [7] reported that the current efﬁciency decreased
with an increase in hydraulic retention time.
The work herein investigated the cathodic reduction
of copper ions on a ﬁxed bed of carbon particles in a
continuous-recirculation ﬂow reactor at high applied electric
current. The effects of initial pH value, electrolysis time, ﬂow
rate and applied current on copper electrodeposition and
current efﬁciency were carefully investigated.2. Experimental
Fig. 1 is a schematic representation of the experimental setup.
The cylindrical column was made from acrylic, to enable better
visualization of the process. The inside diameter and the height
were 10 cm and 70 cm, respectively. A height of 70 cm was
enough to give a sufﬁcient disengagement height to allow for
any entrained carbon particles to separate from the treated
solution leaving the column so that the mass of the bed was
kept constant. The column is separated by a ﬂow distributor
into upper and lower parts. The distributor, perforated acrylic
plate, had holes of 1 mm diameter arranged in equilateral tri-
angular conﬁguration of 5 mm pitch. The upper surface of
the distributor was covered with a porous polyethylene mem-
brane to enhance better ﬂow distribution.
The counter electrode, had a disk shape of 5 cm diameter,
was ﬁxed in the lower part of the column while the working
electrode (carbon bed) was in the upper part. The current fee-
der to the packed bed was cup-shaped opened from the lower
side and the upper side is covered with a perforated disk; the
holes had 1 cm diameter and arranged in equilateral triangular
conﬁguration of 1.5 cm pitch; this is to facilitate the upward
ﬂow of the treated solution and to permit the escape of gener-
ated gases on the bed surface. The cup was supplied with 6
additional legs, of 5 cm length and 1 cm width, to give good
contact with the particulate-bed. Both current feeder and
counter electrode were made of 316 Stainless Steel.
The packed bed material was prepared by grinding carbon
pieces of high purity (as analyzed by XRD), and collecting the
sieved fractions of 1–4 mm diameter particles; the average par-
ticle size was 2.5 mm. The particles were washed with nitric
acid and distilled water and packed to an initial dry height
of 6 cm.
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Figure 2b Effect of initial pH on removal of copper Line (1):
pHo = 2.56 & Applied current = 4 A & Co = 467 mg/L Line (2):
pHo = 1.80 & Applied current = 4 A & Co = 458 mg/L.
Electrodeposition of copper from a copper sulfate solution 327The study was performed on a copper sulfate solution that
had a nominal concentration of copper ions of 500 ppm
(mg/L) and a deﬁnite concentration of 0.5 M (NaCl) as
supporting electrolyte. The initial pH of the electrolyte was
normally about 2.5 (unless changed to other values) and
adjusted by using either dilute HCl or NaOH pellets.
Experiments were carried out galvanostatically at room tem-
perature. The volume of the electrolyte was 6 L. The rate of
ﬂow was adjusted manually, measured by a graduated cylinder
and stop watch, at a velocity less than the minimum ﬂuidiza-
tion one of the bed particles. Electrolysis continued for
75 min. Samples withdrawn every 15 min were ﬁltered through
Whatman membrane ﬁlter of pore size 0.45 lm and their pH
values were measured by a pH meter (type HI 8417 made by
HANNA Instruments, with a resolution of 0.01). The concen-
tration of the remained copper was measured by an atomic
adsorption spectrophotometer (Perkin Elmer 2280). The
removal percent of removed copper and the current efﬁciency
percent of removal were calculated from Eqs. (1) and (2).
Removal% ¼ ðCo  CÞ  100
Co
ð1Þ
Current efficiency% ¼ zFðCo  CÞV  100
63:5lt
ð2Þ
where F is faraday’s constant (=96485 C/mol), z is elec-
trons transferred per ion (=2 for Cu (II)), Co and C are
amounts of copper (g/L) in electrolyte at times 0 and t (s), V
(L) is the volume of electrolyte, I (A) is the applied current
and t (s) is the time of electrolysis.
3. Results and discussion
3.1. Effect of initial pH
Electrolytic removal of Cu was studied at different initial pH
(pHo) values when the nominal initial concentration of copper
ions was held constant. Figs. 2a and 2b show the kinetic
results of copper electrodeposition (i.e. removal) at a rate of
ﬂow of 0.02 L/s and 0.0466 L/s and at applied currents of
5 A and 4 A, respectively. The removal was larger at higher
pHo. From Fig. 2a the removal was 74% after 75 min of elec-
trolysis at pHo = 2.56 while it was 32% at pHo = 1.05. In
Fig. 2b the removal, after 75 min of electrolysis, was 76.4%0
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Figure 2a Effect of initial pH on removal of copper. (1):
pHo = 2.56, Applied current = 5.1 A & Co = 450 mg/L (2):
pHo = 1.60, Applied current = 5.1 A & Co = 456 mg/L (3):
pHo = 1.05, Applied current = 5 A & Co = 453 mg/L.at pHo = 2.56 while it was 58.3% at pHo = 1.8. This indicated
that the discharge of hydrogen ions was a strong competitor to
the discharge of copper ions at the cathode surface when the
acidity was high. It might be observed that the removal
reached 74% with an applied current of 5 A while it was
76.4% when the applied current was 4 A. This was a result
of changing rate of ﬂow as will be shown later in this
manuscript.
The discharge of H+ ions decreased the current efﬁciency
of the process. The current efﬁciency was 27% at
pHo = 2.56 while it was 11.7% at pHo = 1.05. This is
attributed to the consumption of a substantial part of electricity
by side reactions. Of course starting at higher pHo than 2.56
will give better electrochemical removal with larger current
efﬁciency. This is possible with substantial caution, as copper
may precipitate as hydroxide if the pH of solution is larger
than the pH needed for precipitation to occur, as indicated
by theoretical solubility of copper hydroxide diagram [19].
For instance if the copper concentration of the electrolyte is
100 mg/L and the pH is 6, copper hydroxide will precipitate.
Certainly the following two reactions take place during elec-
trodeposition of copper at pH < 7:
2H2O 4e ! O2 þ 4Hþðat the anodeÞ ð3Þ
2Hþ þ 2e ! H2ðat the cathodeÞ ð4Þ
Reaction (3) decreases the pH at the anode region whereas
Reaction (4) increases pH nearby the cathode, therefore if the
starting pH was high, there will be a possibility for copper to
precipitate as hydroxide and the removal is chemical not elec-
trochemical. There is no doubt that if the initial concentration
of copper ions is low enough, higher pHo will be a good start
for removing copper electrochemically.
It was also observed that the anode, made of 316 Stainless
Steel, was consumed during electrolysis at pHo 61.6; the
corrosion increased with decreasing pHo. Therefore, an
experiment was performed in which a carbon disk (inert electrode)
was substituted for the Stainless Steel one. The conditions of
the experiment and its results are shown in Fig. 3. There was
no removal of copper, but chlorine gas was produced which
was known by its pungent odor. This might be interpreted that
the high concentration of chlorine ions (pHo = 1.03) led to
their discharge at the anode, while hydrogen gas was still given
off at the cathode. Deposited copper might be dissolved again
in the presence of chlorine. This observation should be exper-
imentally investigated in another study.
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Figure 3 Copper concentration versus time of electrolysis using
carbon anode and initial pH of 1.03.
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Figure 4b Effect of electrolyte ﬂow rate on copper removal when
the applied current was 5 A.
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Figure 5a Effect of ﬂow rate on current efﬁciency of copper
removal when the applied current was 4 A.
0
10
20
30
40
50
60
70
80
90
100
0 10 20 30 40 50 60 70 80 90 100
Applied curren: 5 A, pHo: 2.56 
& Co ~ 455 mg/ L
F. R. = 0.0466 L/s
F. R. = 0.02 L/s
Cu
rr
en
t e
ﬃ
ci
en
cy
 %
328 M.F. Alebrahim et al.3.2. Effect of ﬂow rate
Experiments were conducted at different ﬂow rates, keeping
other parameters constant. It can be ascertained from
Fig. 4a and b that the removal of copper increased with
increasing ﬂow rate; similar observation was reported in refer-
ences [5,17].
Computation of current efﬁciency or faradaic efﬁciency
indicates the effectiveness of copper removal from energy
utilization point of view. Copper removal may be attained,
but the worsening in the current efﬁciency makes the process
economically unviable. Fig. 5a and b shows the increase of
current efﬁciency with increasing rate of ﬂow, at two values
of the applied electric current.
The increase of copper electrodeposition or removal as well
as the current efﬁciency is attributed to two reasons. Firstly,
the increase of limiting current with increasing ﬂow rate
[5,6]. Chen et al. [20] reported that hydrogen evolution occurs
if the cathode current density is greater than the limiting value
for copper deposition. Consequently, if the difference between
the applied current and the limiting current is narrowed, the
discharge of hydrogen ions at the cathode well decreases
leading to higher current efﬁciency. Secondly, oxygen and
hydrogen are liberated at the anode and cathode due to the
Reactions (3) and (4), respectively. At low current densities
these gases may dissolve in the electrolyte solution. However
at higher current densities gas bubbles are generated on the
surface of the electrodes; as shown in Fig. 6. Since ohmic resis-
tance in an electrolysis bath is related to the bubble coverage of
anode and cathode surfaces, gas bubble accumulation on each
surface will reduce its conductivity and causes a higher level of0
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Figure 4a Effect of electrolyte ﬂow rate on copper removal when
the applied current was 4 A.
Time, min
Figure 5b Effect of ﬂow rate on current efﬁciency of copper
removal when the applied current was 5 A.ohmic voltage drop [21]. This increase in the applied potential,
at small ﬂow rate, was also observed in this work. As shown in
Fig. 7 the applied potential to get a constant applied electric
current decreases with increased rate of ﬂow of circulation.
This improvement is due to the ease of bubble detachment
from the surfaces of electrodes with increasing rate of ﬂow [22].
3.3. Effect of initial concentration
From Fig. 8a and b it can be seen that the removal of copper
as well as current efﬁciency increased with the increasing initial
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Figure 8b Effect of initial concentration on the current efﬁciency
of copper removal at 5 A, pHo = 2.56 & F.R. = 0.068 L/s.
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Figure 9a Effect of applied current on copper removal Line (1):
Applied current = 6.1 A & Co = 460 mg, Line (2): Applied
current = 5 A & Co = 450 mg/L, Line (3): Applied current = 4
A & Co = 467 mg/L.
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Figure 9b Effect of applied current on current efﬁciency, Line
(1): Applied current = 4 A & Co = 467 mg/L, Line (2): Applied
current = 5 A & Co = 450 mg/L, Line (3): Applied
current = 6.1 A & Co = 460 mg.
Figure 6 Attachment of generated bubbles at the bed surface
[Flow rate = 0.02 L/s, applied current = 4 A, Co = 467 mg/L
and pHo = 2.55].
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Figure 8a Effect of initial concentration on the removal of
copper at 5 A, pHo = 2.56 & F.R. = 0.068 L/s.
15
20
25
30
0 0.02 0.04 0.06 0.08
Flow rate, L/s
Ap
pl
ie
d 
po
te
nt
ia
l, 
V
Figure 7 Effect of ﬂow rate on the applied potential at a ﬁxed
value of applied current. [App. current = 4 A, pHo = 2.55, Time
of electrolysis = 75 min.
Electrodeposition of copper from a copper sulfate solution 329concentration of Cu(II) ions at all times of electrolysis; similar
observation was reported by Solisio et al. [6]. This is attributed
to the increase of the limiting diffusion current with increasing
initial bulk concentration of Cu(II) ions which was reported by
Ishizaki et al. [23] and Nikolic et al. [24]. Also, Nikolic et al.
[24] observed the decrease of the quantity of evolved hydrogen
with the increasing concentration of Cu(II) ions which
improves the electrodeposition process. On the other hand,
Fig. 8b indicates that current efﬁciency decreased with time
of electrolysis. This decrease is obviously related to the
decrease of bulk concentration of copper, with progress
of electrolysis, which consequently decreases the limitingcurrent while the applied current is maintained constant.
The electrolysis of lean copper electrolytes results in
increased hydrogen evolution which leads to smaller current
efﬁciencies [24].
3.4. Effect of intensity of applied electric current
The inﬂuences of current density on copper removal and cur-
rent efﬁciency for various electrolysis times, keeping constant
ﬂow rate of 0.02 L/s and constant pHo of 2.56, are shown in
Fig. 9a and b , respectively. The copper removal increased
with increasing applied current; this behavior was reported
23
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pHo = 2.56
Figure 10 Change of pH with time of electrolysis.
330 M.F. Alebrahim et al.by other researchers [15,17]. However, the opposite behavior
was observed for current efﬁciency; where it decreased with
increasing applied electric current at all times of electrolysis.
This decrease in current efﬁciency is attributed to the
enhancement of hydrogen discharge at the cathode surface
by increasing the applied current as can be ascertained from
Fig. 10. This behavior was reported, as well, by Chellammal
et al. [15].
Previous results showed the necessity of using high-intensity
of electrical current to get larger removal of copper at less time
of electrolysis, but the current efﬁciency decreased with time as
long as the intensity of the applied current was held constant.
Small current efﬁciency means less utilization of electrical
energy. Therefore, two experiments were performed at the
same recirculation rate of ﬂow, pHo and initial concentration.
In the ﬁrst one the applied current was ﬁxed at 7 A, while in
the second one the applied current was decreased from 7 A
to 3 A; by manually decreasing 1 A every 15 min. The obtained
results are shown in Tables 1A and 1B.Table 1A Removal of copper at ﬁxed applied current [Applied cur
Time, min Applied potential, V pH Conc., mg/L
0 0 2.55 (27.9 C) 455
15 26 3 (31.5 C) 295
30 25 4.28 (36 C) 169
45 24 4.71 (36.5 C) 67
60 26 5.28 (37.5 C) 22
75 27 5.91 (38 C) 19
Table 1B Removal of copper at variable applied current [Flow rat
Time,
min
Applied current,
A
Applied potential,
V
pH Co
L
0 0 0 2.57 (28 C) 453
15 7 26 3 (30 C) 290
30 6 22 3.56 (33 C) 160
45 5 19 4.35 (34 C) 53
60 4 17.5 5.12
(33.5 C)
20
75 3 14.5 5.2 (33 C) 14The tabulated data indicate that almost similar percentage
removal of copper was attained; however a considerable saving
of electrical energy was possible with the gradual decrease of
the applied intensity of electric current. A saving of 41.6% in
electrical energy could be achieved. The speciﬁc electrical
energy consumption, keeping constant applied current at 7 A
(8.92 A/dm2), pHo  2.55 and a ﬂow rate of 0.0675 = L/s, is
85.62 kWh/kg Cu; whereas it was 49.366 kWh/kg Cu when
the applied current was gradually decreased. Basha et al. [1],
using a cylindrical ﬂow reactor at 0.75 A/dm2, pHo = (0.64–
0.88) and a ﬂow rate of 20 L/h (0.0056 L/s), reported speciﬁc
energy consumption of 159.88 kWh/kg Cu.
It is important to mention that the solution temperature
increased with time of electrolysis. The increase did not exceed
10 C, after 75 min of electrolysis, when using the largest inten-
sity of electric current which was 7 A. The temperature
increase was less than that when less current intensity was
used. This temperature increase has an insigniﬁcant effect on
copper removal [17].
4. Conclusions
In the present study an attempt has been made to remove cop-
per from a simulated wastewater by using a packed-bed
continuous-recirculation ﬂow reactor at high current density.
The experimental results showed that the increase in pH (pro-
vided not lead to the deposition of copper hydroxide), initial
concentration of copper and circulated rate of ﬂow increased
the removal of copper as well as led to improvement in current
efﬁciency. However, increasing intensity of applied electric cur-
rent has led to an increase in the removal of copper and
decreased current efﬁciency.
Also, it was observed that the type of anode, i.e. active or
inert, affected copper removal process. Stainless Steel (316)
anode was observed to corrode at pHo 6 1.6; the corrosion
increased with decreasing pHo. On using carbon (inert) anode,rent = 7 A and Flow rate: 0.0675 = L/s].
Removal % Electricity, Coulomb Energy consumption, J
0 0 0
35.1 6300 163800
62.9 12600 321300
85.3 18900 472500
95.2 25200 636300
95.8 31500 806400
e: 0.0675 = L/s].
nc., mg/ Removal
%
Electricity,
Coulomb
Energy consumption,
J
0 0 0
36 6300 163800
64.7 11700 282600
88.3 16200 368100
95.6 19800 431100
96.9 22500 470250
Electrodeposition of copper from a copper sulfate solution 331at pHo = 1.03, no copper was removed from the treated solu-
tion; chlorine gas was evolved.
Reduction of intensity of applied electric current with time
during the electrolysis process while maintaining other
operating variables constant led to a signiﬁcant reduction in
the consumption of electrical energy used in the process of
copper removal by electrodeposition; a reduction of 41.6%
could be achieved.
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